Lung cancer is the leading cause of cancer mortality worldwide, yet there exists a limited view of the genetic lesions driving this disease. In this study, an integrated high-resolution survey of regional amplifications and deletions, coupled with gene-expression profiling of non-small-cell lung cancer subtypes, adenocarcinoma and squamous-cell carcinoma (SCC), identified 93 focal copynumber alterations, of which 21 span <0.5 megabases and contain a median of five genes. Whereas all known lung cancer genes͞loci are contained in the dataset, most of these recurrent copy-number alterations are previously uncharacterized and include high-amplitude amplifications and homozygous deletions. Notably, despite their distinct histopathological phenotypes, adenocarcinoma and SCC genomic profiles showed a nearly complete overlap, with only one clear SCC-specific amplicon. Among the few genes residing within this amplicon and showing consistent overexpression in SCC is p63, a known regulator of squamous-cell differentiation. Furthermore, intersection with the published pancreatic cancer comparative genomic hybridization dataset yielded, among others, two focal amplicons on 8p12 and 20q11 common to both cancer types. Integrated DNA-RNA analyses identified WHSC1L1 and TPX2 as two candidates likely targeted for amplification in both pancreatic ductal adenocarcinoma and non-small-cell lung cancer.
L
ung cancer is the leading cause of cancer-related mortality in the United States, accounting for more than one-fourth of all cancer fatalities in 2004. Lung cancer is classified into two major subtypes, small-cell and non-small-cell lung cancer (NSCLC). NSCLC constitutes 75% of lung cancer cases and is subdivided further into three major histological subtypes: adenocarcinoma (AC), squamous-cell carcinoma (SCC), and large-cell carcinoma. The AC and SCC subtypes represent Ͼ85% of NSCLC cases. Although these NSCLC subtypes exhibit distinct pathological characteristics, the treatment approaches have remained generic and largely ineffective, despite advances in cytotoxic drugs, radiotherapy, and clinical management. For all stages of NSCLC, the 5-year survival rate has remained fixed at 15% for the last 15 years. The recent success of molecularly targeted therapies for a limited subset of cancer genotypes (1) has solidified the view that a more detailed knowledge of the spectrum of genetic lesions in lung cancer will, in turn, lead to meaningful therapeutic progress.
To date, the majority of lung cancer genetic studies have cataloged mutations or the promoter methylation status of known cancer genes, performed genome-wide loss-of-heterozygosity surveys, and applied comparative genomic hybridization (CGH) to audit regional copy-number alterations (CNAs) on metaphase chromosomes or small-scale bacterial artificial chromosome (BAC) arrays. These concerted efforts have identified a core set of lesions, including activating mutations in K-RAS and mutations that compromise p53 and Rb-pathway function (2) . At the same time, the observed high number of recurrent chromosomal aberrations, particularly amplifications and deletions, suggests that only a small fraction of lung cancer genes has been identified. In particular, chromosomal CGH studies have revealed recurrent gains at 1q31, 3q25-27, 5p13-14, and 8q23-24 and deletions at 3p21, 8p22, 9p21-22, 13q22, and 17p12-13 (3) (4) (5) (6) (7) . A recent array-CGH (aCGH) survey of known genes͞loci using 348 BAC clones has confirmed recurrent chromosome-3p deletions and -3q gains and identified PIK3CA as a resident of the chromosome-3q amplicon (8) .
Integrated CGH and expression profiling have emerged as effective entry points for cancer gene discovery, capable of providing a high-resolution view of the regional gains and losses throughout the cancer genome (9) and the associated copynumber-driven changes in gene expression (10, 11) . In the microarray format, the resolution of CGH is dictated by the number and quality of mapped probes positioned along the genome (12) . In this study, high-density gene-specific arrays were used to conduct high-resolution surveys of CNAs present in a collection of primary ACs and SCCs and of established NSCLC cell lines. Together with expression profiling, these datasets provide insights into the origins of, and genetic mechanisms driving, AC and SCC subtypes.
14,160 cDNA clones (Human 1 clone set, Agilent Technologies, Palo Alto, CA) with 13,281 genome-mappable clones, for which Ϸ11,211 unique map positions were defined (National Center for Biotechnology Information, Build 35). The median interval between mapped elements is 72.7 kb, 94.1% of intervals are Ͻ1 megabase (Mb), and 98.9% are Ͻ3 Mb. The oligonucleotide array contains 22,500 elements designed for expression profiling (Human 1A V2, Agilent Technologies), for which 16,097 unique map positions were defined (Build 35). The median interval between mapped elements is 54.8 kb, 96.7% of intervals are Ͻ1 Mb, and 99.5% are Ͻ3 Mb. Fluorescence ratios of scanned images of the arrays were calculated as the average of two paired arrays (dye swap), and the raw aCGH profiles were processed to identify statistically significant transitions in copy number by using a segmentation algorithm (see Supporting Materials and Methods, which is published as supporting information on the PNAS web site). In this study, significant copy-number changes are determined on the basis of segmented profiles only (for additional details on aCGH, expression profiling, quantitative PCR (QPCR) and FISH, see Supporting Materials and Methods).
Results
Identification of Known and Previously Uncharacterized CNAs in the NSCLC Genome. Forty-four tumors, frozen at the time of the initial resection, verified to be ACs (n ϭ 18) or SCCs (n ϭ 26), and possessing Ͼ70% tumor cellularity were subjected to genomewide CGH profiling (Table 2 ). In addition to the primary tumors, CGH and expression profiling was performed on a panel of NSCLC cell lines (Table 3 ). All primary tumors and 14 NSCLC cell lines were analyzed by using an oligonucleotide array platform with a median resolution of 54.8 kb (13) , and the remaining 20 NSCLC cell lines were previously interrogated by using a cDNA array platform with a median resolution of 72.7 kb (11) . Eleven cell lines were analyzed by both platforms, revealing a high level of concordance between the two datasets (correlation coefficient of 0.88-0.95 in altered regions). Additionally, as demonstrated in ref. 13 , the higher resolution of the oligonucleotide array platform relative to cDNA arrays uncovered additional focal CNAs and revealed greater structural detail of each CNA (see Fig. 5 , which is published as supporting information on the PNAS web site; data not shown).
CGH profiles were generated to identify CNAs as described in ref. 11 (see also Materials and Methods and supporting information). These profiles revealed a NSCLC genome that is highly rearranged, harboring large numbers of distinct copy-number aberrations (CNAs ϭ 319), many of which exhibited a high degree of structural complexity. Some of these CNAs are recurrent across different samples, allowing for the definition of a minimal common region (MCR) of gain͞amplification or loss͞deletion. The total number of MCRs is 220. To facilitate the identification of those MCRs that might have strong pathogenetic relevance (referred to as ''highpriority MCRs''), we apply a set of criteria that include the occurrence in at least one tumor sample, the presence of at least one high-amplitude event (log 2 0.8), and recurrence in at least two samples (see Supporting Materials and Methods). There are 93 of these high-priority MCRs: 74 amplifications and 19 deletions with a median size of 1.53 Mb.
Upon comparison with existing NSCLC genomic data derived from chromosomal CGH, this high-priority MCR list was found to contain all known regional gains and losses, albeit with much finer definition. Specifically, our dataset included the known gains at 1q31, 3q25-27, 5p13-14, and 8q23-24 as well as the known deletions at 3p, 8p22, 9p21-22, 13q22, and 17p12-13 ( Fig.  1) . Virtually all the genes implicated in the pathogenesis of NSCLC were contained within the high-confidence MCRs, including p16
INK4A and RB1 tumor-suppressor genes and MYC, EGFR, and KRAS2 oncogenes (see Table 4 , which is published as supporting information on the PNAS web site). The whole short arm of chromosome 3 was consistently lost, with a peak recurrence at Ϸ50 Mb (29 of 79 samples, 36%). Segmentation did not identify obvious homozygous deletions, which would point to a specific target in this recurrently deleted region of 3p; however, this region contains RASSF1, TUSC2, SEMA3B, and FHIT, genes that have shown loss of heterozygosity in NSCLC (7) ( Fig. 1 ; and see Fig. 6 , which is published as supporting information on the PNAS web site).
The most notable feature of the high-priority MCR dataset was a subset (21 of 93) of highly focal MCRs that spanned Ͻ0.5 Mb and possessed a median of only 5 genes. From a total of 120 genes (of 139 genes in these 0.5-Mb MCRs) represented on the Affymetrix U133 Plus 2.0 microarray, 53 (Ϸ40%) showed expression, further delimiting the number of potential cancer-relevant gene candidates. Among this subset of genes, several have already been established as having a role in cancer (e.g., ERBB3) or homology to known cancer genes (a PTEN-related molecule that is in a region of deletion). Additionally, three members of the cyclin family were present in two different MCRs (cyclins M3, M4, and J), and BRD9, a bromodomain gene with potential functional relatedness to BRD4, a gene located within the high-priority MCRs and involved in virus-induced cellular transformation (Table 1 ; and see Discussion). These findings highlight the potential for focused, high-yield cancer gene discovery.
Common and Distinct Genomic Features in AC and SCC.
Previous analyses of the NSCLC genome with low-resolution chromosomal or BAC aCGH have consistently shown that the only region of the genome differentiating SCCs from ACs was 3q26-29 (3-7). With our higher-resolution platform, capable of detecting previously unrecognized focal CNAs (see above), we sought to determine whether there exist additional genomic events that are characteristic of either SCC or AC. Surprisingly, the genomic profiles of AC and SCC were highly overlapping, such that neither supervised nor unsupervised clustering of the global CGH profiles was able to classify these tumors according to their histopathological subtypes ( Fig. 1 and data not shown). Next, we asked whether there are significant regional differences between AC and SCC subtypes. To this end, we designed a permutation test to compare the incidence of events in each primary tumor subtype and to estimate the significance (see Supporting Materials and Methods). This permutation test identified only one region of gain͞amplification on the long arm of chromosome 3, from 180 to 199 Mb, corresponding to 3q26-29, that was significantly targeted in the SCCs (Fig. 2A) . Therefore, despite strikingly distinct histological presentations, SCC and AC are remarkably similar on the genomic level and are likely driven by many of the same oncogenes and tumor-suppressor gene mutations.
We further hypothesize that the defined MCR on 3q harbors gene(s) driving the SCC phenotype and that such resident target(s) can be up-regulated by mechanisms other than gene amplification because, although common among SCCs, gain͞ amplification of 3q from 180 to 199 Mb is not present in all cases of SCC (54% in our samples and between 50% and 85% in the literature) (3-7). Thus, by comparing expression patterns of probes residing within the 3q180-to 199-Mb region, we would identify genes that are consistently overexpressed in SCC versus AC, regardless of copy number status, and such genes might have a higher probability of playing a critical role in driving the SCC phenotype. To this end, a one-way ANOVA and a post hoc Bonferroni test using all the probes (n ϭ 166, corresponding to 106 genes) residing within the 180-to 199-Mb boundaries on 3q (see Supporting Materials and Methods) identified a subset of genes showing significant overexpression in SCCs versus ACs and were overexpressed, even in the absence of gene copynumber gains, on 3q in SCCs: p63, claudin 1, phosphatidylinositol glycan class X, and discs large homologue 1 (see Table 5 , which is published as supporting information on the PNAS web site). The p63 gene is most notable, given its seminal role in squamous-tissue development and its links to squamous-cancer subtypes (14) (15) (16) (17) .
To further corroborate the above finding, we analyzed the global expression-profile data for the same NSCLC samples by using the program SAM (significance analysis for microarray data) (18) . A total of 297 probes were found to be significantly different between SCCs and ACs, based on a q value (false discovery rate) cut-off of 0.05 (19) . Of this list of differentially expressed genes, we asked whether their differential expression was driven by underlying copy-number events. To this end, we mapped all 297 differentially expressed probes to their corresponding genomic positions and, using a 10-Mb moving-window analysis across the genome and applying a Fisher's exact test (see Supporting Materials and Methods), we identified those genomic regions that were significantly enriched for differentially expressed probes. As shown in Fig. 2B , this global analysis again identified 3q 180-199 Mb as the genomic region whose resident genes are most significantly enriched from among the list of differentially expressed genes between AC and SCC. Similar results were also obtained when we used a published lung cancer expression-profile dataset (20) (data not shown). In conclusion, our integrated aCGH and expression analyses strongly implicate a limited number of genes residing within 3q as key drivers of the SCC histopathological phenotype.
Cross-Tumor-Type Genomic Comparisons. The remarkable degree of overlap between lung cancer subtypes prompted a comparison with our recently generated high-resolution genomic profile of another lethal epithelial tumor type, pancreatic ductal AC (PDAC). Although the majority of the defined CNAs are distinct between lung cancer and PDAC, the intersection between these two datasets did reveal 17 shared loci in addition to expected common genomic alterations such as KRAS, c-MYC and INK4a͞ ARF (Table 4 ). Thus, cross-tumor-type comparison holds the potential to serve as a filter for CNAs that harbor targets that are potentially relevant to multiple cancer types.
One of the shared loci was a focal amplification at 8p12-p11.2 (position 37.84-39.72 Mb) encompassing FGFR1, a cancerrelevant gene not previously implicated in lung cancer. Detailed mapping of the 8p12-p11.2 amplicon by real-time QPCR narrowed the MCR to 0.14 Mb in size, as defined by two informative primary tumor cases, PT3 and PT5 (Fig. 3A and data not shown) . Because QPCR analysis clearly positioned the FGFR1 gene outside the telomeric boundary, this focal MCR contained only two annotated genes, WHSC1L1 and LETM2 (Fig. 3A) . Because previous studies have implicated FGFR1 as the prime target of the 8p amplicon in other cancer types (21), interphase FISH was performed to verify the amplicon boundaries in several informative samples. FISH on the six primary tumors and two cell lines showing the amplification confirmed the presence of a high-copy-number amplicon at 8p (Fig. 3 A and B ; and see Figs. 7-10, which are published as supporting information on the PNAS web site). Consistent with QPCR data, FISH with a BAC outside the MCR and including FGFR1 on PT3 revealed only two copies ( Fig. 10 A and D) , providing clear evidence that FGFR1 is not amplified in this sample. The integration of DNA copy number and RNA expression data was used to cull bystanders from true targets of the amplicon (10) . Both geneexpression profiling and RT-QPCR (see Fig. 11 , which is published as supporting information on the PNAS web site, and data not shown) demonstrated consistent overexpression of WHSC1L1. The other MCR resident gene, LETM2, did not show consistent overexpression in the presence of gene amplification. RAB11FIP1 and FGFR1, two genes positioned external to the telomeric and centromeric boundaries of the MCR, respectively, showed an expression pattern consistent with their placement outside the amplicon MCR.
To evaluate further the relevance of FGFR1 versus WHSC1L1 in lung cancer, the biological impact of small interfering RNA (siRNA)-mediated knockdown of each target was assessed in cell lines with and without 8p amplification (NCI-H1703 and NCI-H1395, respectively). For all genes, RT-QPCR documented Ͼ70% knockdown after siRNA pool transduction (data not shown). In soft agar assays with NCI-H1703, siRNA-mediated knockdown of WHSC1L1 resulted in 50% reduction in the number of H1703 soft agar colonies, whereas nearly complete FGFR1 depletion had no impact on colony formation in soft agar. As expected, knockdown of these two genes had no effect on NCI-H1395 colony formation. The copy-number-driven expression data, coupled with knockdown studies, supports the argument against a role for FGFR1 in lung cancers harboring an 8p amplicon and points to WHSC1L1 as a potential target of this amplification event.
Another amplicon shared in the NSCLC and PDAC datasets mapped to 20q11.2 harboring BCL2L1 (previously BCL-xL), a known oncogene implicated in multiple cancer types. This amplicon was detected in one primary lung AC, one adenosquamous cell line, one SCC cell line and two AC cell lines. These samples together delimited the MCR to 220 kb, spanning positions 29.66-29.88 Mb and containing five genes: ID1, COX4I2, BCL2L1, TPX2, and MYLK2. Although BCL2L1 indeed exhibited modestly elevated expression, TPX2 was the only gene showing high-level copynumber-driven expression in most lung cancer cell lines and primary tumors tested, when compared with RNA derived from normal lung (Fig. 4) . These findings suggest that, in addition to a known oncogene BCL2L1, TPX2 is a potential candidate oncogene targeted for amplification in both lung and pancreas cancers.
Discussion
In light of the few validated oncogenes and tumor-suppressor genes linked to NSCLC pathogenesis (2) and the limited therapeutic options for this disease, the definition of 93 focal MCRs based on our genome-wide high-resolution aCGH analysis provides a rational starting point for productive gene-discovery efforts in the lung cancer research field. The identification, based on integrated DNA-RNA analyses, of candidate targets with plausible or known links to cancers resident within these focal CNAs reinforces the validity of our approach.
On the global level, the ability to define, at high resolution, the compendium of genomic events in NSCLC permitted an unbiased comparison of the genomes of AC and SCC histological subtypes, revealing 3q26-29 as the only genomic signature for SCC. It is notable that this region has been reported to be the most common and an early genetic alteration in SCC of the head and neck, a group of tumors that share similar developmental, histological, and pathogenetic features with SCCs of the lung (22) . One potential explanation for this similarity is that these two histological subtypes of lung cancer are derived from the same lung stem͞precursor cell and that only a few unique genetic alterations are sufficient to confer either an AC or a SCC phenotype. Indeed, there is some experimental evidence that the alveolar type-II cell is a pluripotential stem cell involved in the genesis of human AC and SCC (23) . Our results suggest that, in a subset of lung SCCs, overexpression of genes residing within 3q, mediated either by amplification or by other mechanisms, could selectively induce a squamous-cell phenotype against the backdrop of a genetic background that is otherwise common between ACs and SCCs. Interestingly, among the genes that did show overexpression in SCC samples, irrespective of copy-number changes, was p63. Overexpression of p63 has been reported in several SCCs (14, 15) , and mutations in p63 have been reported in human genetic disorders affecting ectodermal development (16) . In the mouse, p63 deficiency leads to profound defects in, or frank loss of, the entire spectrum of epithelial tissues (14) . Conditional transgenic mice expressing p63 isoforms in the epithelial lining of the bronchioles in the lung developed severe squamous metaplasia (17) . These findings support the view that p63 exerts a critical role in maintaining the proliferative capacity of the epidermal-cell population as well as driving an epithelial stratification program (14) . Based on our data and on the features of the genes overexpressed in 3q, it is tempting to speculate that AC and SCC arise from a common cellular origin and are driven to a malignant endpoint by common genetic and biological mechanisms.
Comparison of the NSCLC dataset with the recently published PDAC dataset (7) proved useful on two levels. First, despite their epithelial nature and several shared cancer gene mutations, the distinctive nature of the lung and pancreas datasets further underscored the high degree of similarity between the AC and SCC CNA profiles (data not shown). Second, these comparisons and the search for commonly targeted loci provided an opportunity to identify loci with strong cancer relevance among the large number of CNAs identified. The chromosome-8p amplicon, shared by the NSCLC and PDAC datasets, has also been detected in carcinomas of the breast, prostate, and bladder and in T cell lymphomas (21, 24) . Whereas FGFR1 resides within this larger CNA and has been considered the prime candidate target of this amplification, detailed QPCR and FISH mapping and expression analysis excluded the FGFR1 gene. In addition, sequence analysis of exons encoding the juxtamembrane and kinase domains of FGFR1 failed to reveal any mutations (data not shown). These findings in lung cancer are consistent with recent studies in breast cancer that show FGFR1 does not play a pathogenetic role in breast cancer cells harboring amplification of this 8p locus (24) , thereby pointing to other resident gene(s) as the true target of this 8p12-p11.2 amplicon.
The gene that appears to be the most likely candidate target for this amplicon is WHSC1L1, on the basis of the physical mapping data, copy-driven expression patterns, and functional-assay results. Additionally, data from the literature strongly point to this gene as causally involved in hematological and solid tumors. WHSC1L1 is involved in a chromosomal translocation in acute myeloid leukemia, t(8;11)(p11.2;p15), that preserves all of the domains in WHSC1L1, excluding one PWWP domain (25) . In addition, amplification of WHSC1L1 has been demonstrated in breast cancer (26) . Several members of the SET2 family of histone lysine methyltransferases, to which this gene belongs, have roles in cancer (27) . In particular, the two homologues of WHSC1L1, NSD1 and WHSC1, have been implicated in acute myeloid leukemia and multiple myeloma, respectively (28, 29) . Together, these data provide a compelling case for WHSC1L1 as a lung cancer oncogene and as a prime target for amplification in NSCLC.
The chromosome-20 amplicon shared by NSCLC and PDAC contained five genes. However, only BCL2L1 and TPX2 showed copy-number-driven expression. The identification of BCL2L1 suggests that gene amplification is one of the mechanisms driving BCL2L1 activation in NSCLC. The relevance of BCL2L1 amplification and overexpression in the development of NSCLC is strengthened by previous studies establishing a critical oncogenic role for BCL2L1 in PDAC (30) . Interestingly, TPX2 emerges from our analysis as a strong candidate targeted for amplification and overexpression in NSCLC and PDAC. TPX2 is required for targeting aurora-A kinase to the spindle apparatus. Elevated expression of aurora A has been reported in breast, bladder, colon, ovarian, and pancreatic cancers and correlates with chromosomal instability and clinically aggressive disease. However, no instances of specific amplification or overexpression of aurora kinase A have been reported so far in NSCLC, a finding consistent with the absence of aurora kinase A gene amplification in our dataset. Manda et al. (31) have demonstrated that this gene is overexpressed in lung cancer tissue, compared with normal lung. Additionally, using the program ONCOMINE (32), we compared the expression level of TPX2 in different cancer types with the corresponding levels in normal tissues. Lung SCCs and ACs, lung small-cell carcinomas (20) , and prostate and hepatocellular carcinoma showed significant overexpression of TPX2, compared with the respective normal tissues. Intriguingly, in our expression data, a high correlation existed between TPX2 and Aurora kinase A expression (r ϭ 0.7801, P Ͻ 0.001) and even more with many other genes involved in spindle formation and mitotic progression, for example, Bub1 (r ϭ 0.93, P Ͻ 0.001), CDC20 (r ϭ 0.93, P Ͻ 0.001), and Aurora kinase B (r ϭ 0.90, P Ͻ 0.001). The amplification of TPX2 and the correlation of its expression with genes involved in spindle formation and progression through the cell cycle suggest a possible critical role for TPX2 in lung and pancreas carcinogenesis.
In conclusion, by using gene-specific CGH platforms, custom bioinformatics tools, and integration of expression profiles, we have identified many recurrent amplifications and deletions in the NSCLC genome. The high degree of NSCLC genomic complexity, the recurrent nature of these lesions, and preliminary functional characterization of resident genes support the view that a large number of important oncogenes and tumorsuppressor genes remain to be identified, opening potential therapeutic and diagnostic opportunities for this dismal disease.
